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NUMERICAL OPTIMIZATION, SYSTEM THEORETIC AND SOFTWARE TOOLS

FOR THE INTEGRATED DESIGN O FLEXIBLE STRUCTURES

AND THEIR CONTROL SYSTEMS

Elijah Polak

Grant No.: AFOSR-86-0116

FINAL REPORT

September 30, 1986 tos September 29, 1989.

ABSTRACT

The research covered by this report was aimed at developing a broad, optimization-based metho-

"dololy for use in compute:-aided-design of engineering systems. To this end, research was carrieo out
in the following areas: (i) the development of a theory which can be used as a general guide in the

construction of semi-infinite optimization, shape optimization and optimal control algorithms; (ii) the
development of various new semi-infinite optimization a-nd optimal control algoritlifts (iii) the develop-

ment of techniques for formulating system stability and worst-case requirements as well-conditioned
semi-infinite inequalities; (iv) the exploration of the use of optimization in the design of control sys-

tems; and finally, (v) interactive sofT.are for optimization-based control system design.

Five doctoral dissertations were completed during this period [14, 15, 20. 41, 42].

FINAL REPORT

Our accomplishments over the three year period of September 30, 1986 to September 29, 1989

can be organized as follows:

(a) Nonsmooth Optimization Algorithm Theory

In [71, which is a 70 page paper, we have presented our view of the mathematical foundations of

nondifferentiable optimization in engineering design. The theory presented in [7] not only helps to
understand existing nondifferentiable optimization algorithms, but it also provides guidelines for the

development of new ones. In particular, the theory in [7] points out the possibility of the construction

of self scaling algorithms.

(b) Self Scaling Minirnax Algorithms
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When linear multivariable feedback-system controilers are affinely parametrized, as is commonly

done in H"° design, the resulting optimal desigr: problems are convex. However, the affine parametri-

zation can also introduce severe iU-conditioning. To determine what effect domain transformations

might have on minimax algorithm performance, we undertook a couple of studies of the effects of

transformations on rate of convergence, [13, 21, 22]. We showed that an adaptively constructed

domain transformation technique results in much improved minimax algorithms.

(c) Consistent Discretization Techriques for Semi-infinite Optimization and Optimal

Control

Since discretization cannot be avoided in the solution of semi-infinite optimization and optimal

control problems, we have developed in [27, 36, 39, 40J several discretizations strategies which are

"consistent with convergence and fast solution of semi-infinite optimization and optimal control prob-

lems. These are to be used in the solution of control system design problems in which one shapes

various closed-loop responses as well as in solution of optimal control problems with ODE as well as

with PDE dynamics.

(d) Semi-infinite Optimization Algorithms for Problems with Exclusion Constraints

Exclusion constraints occur in floor planning and other layout problems as well as in robot path

planning. In [3] we have developed an algorithm for the solution of optimization problems with exclu-

"sion constraints, which are combinatoric in nature and which arise integrated-circuit macro-cell place-

ment problems, as a result of nonoverlap requirements. We have developed a particularly efficient for-

mulation of the problem of placement of macro-cells in [161, in the form of an optimization problem

with exclusion constrains, and have carried out computational experiments to test it.

(e) Extension of Newton's Method to Semi-infinite Minimax Problems

In [9] we have presented an efficient geueralization of Newton's method for the minimization of

the maximum of a finite number of functions. In [371, an ingenious, novel technique is used io

develop a superlinearly converging version of Newton's method for semi-infinite minimax problems.

The algorithm, is shown to converge with root rate at least 3/2.

(f) Efficient Search Direction Computation Subprocedures

St:march direction computations consume a considerable amount of time in the course of semi-

infinite optimization of engineering designs. In [26j we have proposed a new, highly efficient method

for this purpose.





where algorithms are hard-coded.

(i) Algorithms for the Solution of Optimal Conwrol Problems with State and Control

Constraints, ODE/PDE Dynamics

In [5] we have presented an exact penalty function algorithm for the solution of optimal control

problems with ordinary differential equation dynamics, state, and control constraints. In [20, 30, 39]

this algorithm was extended to apply to problems with partial differential equation dynamics. Our new

discretization theory was used to produce. an implementable ver.ion of this algorithm and it was found

the the new discretization techniques result in significantly more efficient efficient implementations than

those produced using the earlier Klessig-Polak theory. The resultiig algorithm was used in computa-

tional experiments in the optimal slewing of flexible structures, which were described in [17].

(j) Stability Tests and Loop-Shaping Requirement Specification

In [8] we have presented a new stability test for linear, time invariant multivariable feedback sys-

tems, in the form of a differentiable semi-infinite inequality, and have illustrated its use in the design

of stabilizing compensators via semi-infinite optimization. In [23], we presented a version of this test

which can be used in the design of finite dimensional controllers for infinite dimensional feedback-

systems via semi-infinite optimization. The applicability of this test to systems with point actuators

and sensors was extended in [33]. In [18] we presented a coherent approach to semi-infinite

optimization-bsed design of both open-loop and closed-loop control systems for flexible structures. In

particular, we showed that frequency domain design of closed loop systems, using our stability test,

produces finite-dimensional controllers without spillover effects. In [24] we have shown that quite

simple PID type finite dimensional controllers can be used to stabilize a class of feedback-controlled

flexible structures.

(k) Design of Control Systems via Constrained Optimization in H'

In [11, 12] and [14], we have explored various aspects of the design of linear multivariable

feedback-systems via constrained semi-infinite optimization in H' spaces. These included a study of

expansions of the controller in a series, development of expressions for both time- and frequency-

domain loop shaping, as well as an exploration of the ,umerical properties of the ensuing convex

optimal dcsign problem.

(1) Novel Control Schemes and Computational Procedures

In [6] we have presented a novel adaptive control scheme for ARMA plants. The scheme is
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